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Long-term  thermal  stability  of  sealing  glass  is  critical  for  hermetic  seals  of  solid  oxide  fuel  and  elec¬ 
trolyzer  cell  stacks.  In  this  work,  a  Sr0-La203-Al203-Si02  glass  (SABS-0  glass)  has  been  evaluated  as 
a  high  temperature  sealant  by  thermal  treatment.  Powder  and  bulk  SABS-0  glasses  are  studied  in  both 
air  and  H2/H2O  atmospheres  at  800  °C  for  up  to  1000  h.  Weight  measurements  show  negligible  SABS- 
0  glass  vaporization  during  the  thermal  treatment.  Both  SABS-0  powder  and  bulk  samples  show  some 
surface  devitrification  but  the  SABS-0  glass  bulk  remains  amorphous  at  all  the  thermal  treatment  con¬ 
ditions.  On  the  polished  bulk  SABS-0  surface,  needle-shaped  crystals  are  observed  for  both  the  air  and 
the  H2/H20  thermal  treatment  conditions.  Polishing  is  believed  to  be  the  initiator  for  the  SABS-0  glass 
surface  devitrification.  The  crystalline  phases,  indentified  as  silicates  and  aluminates,  increase  with  the 
thermal  treatment  time.  However,  the  crystalline  phases  on  the  polished  SABS-0  glass  surface  are  very 
limited  and  only  exist  on  the  very  surface  of  both  the  air  and  the  H2/H20  atmosphere  treated  samples. 
The  SABS-0  glass  has  excellent  thermal  stability  in  solid  oxide  fuel/electrolyzer  operating  environments 
and  is  a  promising  sealant  material  for  such  applications. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

High  temperature  sealing  material  plays  a  vital  role  in  the  perfor¬ 
mance  of  energy  conversion  devices  such  as  solid  oxide  fuel  cells 
(SOFCs)  and  solid  oxide  electrolyzer  cells  (SOECs)  [1].  Glass  and 
glass-ceramic  materials  are  considered  as  the  most  desirable  can¬ 
didates  to  seal  ceramic  electrode-metal  interconnect  and  ceramic 
electrolyte-metal  interconnect  at  high  temperatures  because  of 
their  ability  of  forming  a  hermetic  seal.  Extensive  work  has  been 
done  to  develop  glass  and  glass-ceramic  seals  [2,3].  To  be  used  as 
a  SOFC/SOEC  seal,  glass  should  meet  several  stringent  thermal  sta¬ 
bility  requirements.  First,  it  must  seal  during  the  entire  SOFC/SOEC 
operation  (room  temperature  to  900  °C)  to  prevent  gas  leakage  from 
or  mixing  in  cell  stacks  [4,5].  Fuel  gases  (hydrogen  or  hydrocarbon 
species)  and  air  must  be  separated  between  anode  and  cathode  to 
avoid  energy  conversion  efficiency  decrease,  combustion  of  gases, 
or  local  overheating  [3,6].  This  means  no  glass  vaporization  or 
interaction  with  any  cell  atmosphere  should  occur.  Second,  a  seal 
must  possess  long-term  stability  in  a  wide  range  of  oxygen  par¬ 
tial  pressure  (fuel  gas  or  air)  and  wet  environment  with  hundreds 
of  thermal  cycles  and/or  >40,000  operating  hours.  High  devitrifi¬ 
cation  resistance  in  the  above  conditions  is  necessary  in  order  to 
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avoid  thermophysical  property  mismatch  at  the  sealing  interfaces 
[7]. 

Alkaline  earth  containing  silicate  glasses  and  glass-ceramics 
have  been  actively  studied  for  sealing  purpose  [8-12].  BaO  and  SrO 
containing  silicate  glasses  are  generally  favored  because  they  have 
wider  stability  windows  [11,13,14].  However,  a  serious  issue  is  the 
interfacial  reaction  between  the  alkaline  earth  containing  glasses 
and  other  cell  components  [15].  For  example,  a  high  content  of  crys¬ 
talline  phases  such  as  BaAl2Si208  was  observed  in  BaO-containing 
glasses  after  a  few  hundred  hours  of  cell  operation.  BaAl2Si208  has 
much  smaller  coefficient  of  thermal  expansion  (CTE)  and  tends  to 
create  cracks  and  gas  leakage  [16,10].  B203  has  been  widely  used  in 
seal  glass  to  decrease  viscosity.  However,  vaporization  of  B203  was 
reported,  especially  in  wet  environments.  Weight  loss  of  borosili- 
cate  glass  can  lead  to  sealant  glass  structure  collapse  [17].  Addition 
of  alkaline  oxides  such  as  Na20  and  Li20  into  a  seal  glass  provides 
high  CTE,  but  glass  softening  temperature  decreases  drastically  to 
around  700  °C  [18].  This  low  softening  temperature  means  that  the 
glass  can  become  too  flowable  during  the  SOFC/SOEC  operation. 
Sealing  strength  might  also  be  undesirably  low.  The  high  mobility 
of  the  alkaline  ions  can  also  lead  to  electrical  conductivity  increase. 

A  Sr0-La203-B203-Al203-Si02  glass  system  has  been  devel¬ 
oped  by  us  as  a  seal  glass  for  SOFCs/SOECs  [  19].  The  thermal  stability 
and  devitrification  resistance  were  studied  with  different  B203 
contents.  This  glass  desirably  has  635-775  °C  glass  transition  tem¬ 
perature  Tg  and  670-815  °C  dilatometric  softening  temperature  Td. 
The  CTE  is  desirably  high  at  10.5-11.0  x  10— 6  K— 1 .  The  effects  of 
B203  content  on  the  glass  network  structure  and  thermal  proper- 
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ties  have  been  studied.  Local  ordering  of  different  glass  structural 
units  and  the  amount  of  non-bridging  oxygen  species  increase  with 
B203:Si02  ratio.  Increase  in  B203  content  also  degrades  thermal 
properties,  including  Tg  and  Td.  Microheterogeneity  from  differ¬ 
ent  glass  structural  units  increases  the  tendency  of  devitrification. 
Boron-free  Sr0-La203-Al203-Si02  glass  (SABS-0)  exhibits  excel¬ 
lent  combination  of  thermal  properties  and  thermal  stability  even 
after  being  kept  at  850  °C  for  200  h  [20].  Nickel  addition  to  the  SABS- 
0  glass  decreases  Tg  and  increases  devitrification  tendency,  causing 
degradation  of  thermal  stability  [21  ].  However,  longer  term  thermal 
stability  of  the  SABS-0  glass  has  not  been  studied. 

Currently,  seal  glasses  are  mostly  applied  to  the  cell  stacks  in 
powder  format,  such  as  by  tape  casting.  However,  seal  glass  eval¬ 
uations  are  mostly  carried  out  for  bulk  glass.  Because  the  seal 
glasses  are  studied  at  different  formats,  thermal  stability  results 
are  not  comparable.  In  reality,  the  surfaces  of  a  glass  are  pref¬ 
erential  devitrification  sites  [22].  Seal  glass  vaporization  (if  any) 
and  interfacial  interactions  with  other  cell  components  are  pro¬ 
portional  to  the  seal  glass  surface  area.  Another  significant  factor 
to  consider  is  atmosphere  effect  on  the  stability  of  a  seal  glass. 
Not  only  can  the  atmospheres  in  the  same  cell  stack  be  different 
(reducing  vs.  oxidizing),  but  also  SOFCs  and  SOECs  have  very  dif¬ 
ferent  gas  compositions  for  the  same  interface.  Particularly,  water 
steam  concentration  can  be  up  to  90%  for  SOEC  applications  and 
has  caused  cell  stacks  to  degrade  in  about  1000 h  at  830 °C  [23]. 
This  cell  life  is  only  about  10%  of  that  for  SOFCs  and  seal  degrada¬ 
tion  could  have  been  the  cause.  Na20-  and  CaO-containing  silicate 
glasses  were  tested  for  200  h  in  H2-3%  H20  atmosphere,  degrada¬ 
tion  was  found  in  the  glass  sealant  [18].  There  was  also  a  weight 
loss  for  boron-containing  glass  in  wet  and  reducing  atmospheres 
[17].  These  studies  indicate  that  a  seal  glass  should  be  evaluated  for 
different  atmospheres. 

This  work  was  aimed  to  evaluate  the  thermal  stability  of  the 
B203  free  SABS-0  glass  as  SOFC/SOEC  seals  in  different  material  for¬ 
mats  and  atmospheres.  The  SABS-0  glass  samples  were  prepared  in 
both  powder  and  bulk  formats  with  known  surface  areas.  All  the 
samples  were  thermally  treated  at  800  °C  for  100,  200,  500,  and 
1000  h.  Air  and  H2/H20  mixture  (~50%  H20  vapor)  were  chosen 
as  the  study  atmospheres.  X-ray  diffraction  (XRD)  has  been  used 
to  examine  devitrified  crystalline  phase(s),  if  there  is  any.  Scan¬ 
ning  electron  microscopy  (SEM)  has  been  used  to  characterize  the 
microstructures  of  the  SABS-0  glass. 

2.  Experimental  procedures 

2.1.  Sample  preparation 

SABS-0  glass  samples  were  prepared  with  conventional  glass 
manufacturing  process.  SrC03  (99.9%,  Sigma  Aldrich,  St.  Louis,  MO), 
La203  (99.98%),  A1203  (99.95%),  and  Si02  (99.8%)  (all  oxides  were 
from  Alfa  Aesar,  Ward  Hill,  MA)  at  a  designed  composition  ratio 
were  mixed  in  a  ball  mill  for  overnight.  The  mixed  oxides  and 
carbonate  were  melted  in  a  platinum  crucible  in  a  box  furnace 
(Lindberg,  Model  No.  51314,  Watertown,  WI)  at  1400  °C  for  4  h.  The 
molten  glass  was  quenched  into  a  graphite  mold. 

The  SABS-0  glass  bulk  samples  were  made  by  annealing  the 
quenched  SABS-0  glass  at  725  °C  for  2  h,  and  cutting  and  grinding 
the  annealed  SABS-0  glass  pieces  into  rectangle  shape.  The  bulk 
SABS-0  glass  pieces  used  weighted  2.5-4.5  g  each.  The  bulk  glass 
surface  was  polished  with  polishing  papers  and  1  p,m  size  alu¬ 
mina  particle  suspension  to  optical  finish.  The  SABS-0  glass  powder 
samples  were  made  by  crushing  large  SABS-0  glass  pieces  without 
any  annealing  in  an  agate  mortar  and  pestle  set  and  sieved  with 
100-200  mesh  sieves.  The  glass  powder  particle  size  was  measured 
by  a  laser  light  scattering  analyzer  (LA-750,  Horiba  Ltd.,  Japan).  The 
average  particle  size  was  147  p,m  and  the  standard  deviation  was 


Fig.  1.  SEM  image  of  the  SABS-0  glass  powder  used  in  this  study. 


62  |jim  based  on  six  measurements.  The  SABS-0  glass  powder  sam¬ 
ples  used  weighted  1  -2  g.  Fig.  1  shows  the  image  of  the  as-prepared 
SABS-0  glass  powder.  Fig.  2  shows  the  average  particle  size  distri¬ 
bution;  a  monomodal  particle  size  distribution  is  observed. 

The  surface  area  of  the  bulk  SABS-0  glass  samples  was  1.1  x  10-4 
to  3.2  x  10-4  m2  g-1  based  on  the  sample  dimension  and  weight 
measurements.  For  the  SABS-0  powder  samples,  the  specific  surface 
area  was  calculated  to  be  1.1  x  10-2  m2  g-1  based  on  the  average 
particle  size  (assuming  particles  have  spherical  shape). 

2.2.  Thermal  treatment 

For  the  SABS-0  glass  thermal  stability  study,  both  powder  and 
bulk  samples  were  put  on  platinum  foils  and  heated  to  800  °C  at  the 
same  heating  and  cooling  rate  of  3  °C  min-1  in  air  and  in  H2/H20 
gas  mixture.  For  the  thermal  treatment  in  air,  the  study  was  car¬ 
ried  out  in  a  horizontal  tube  furnace  (Lindberg,  Model  No.  54233, 
Watertown,  WI).  For  the  thermal  treatment  in  the  H2/H20  atmo¬ 
sphere,  the  study  was  carried  out  in  another  horizontal  tube  furnace 
(1730-20  HT  Furnace,  CM  Furnace  Inc.,  Bloomfield,  NJ).  H2  :H20  ratio 
was  controlled  by  flowing  hydrogen  through  a  water  container  kept 
at  83  °C,  which  was  designed  to  create  ~50%  water  vapor  in  the 
gas  mixture,  based  on  the  vapor  pressure  of  water  and  the  exper¬ 
imental  temperature  [24].  The  H2/H20  gas  mixture  flow  rate  was 
~2  x  10-5  m3  s-1.  For  both  atmospheres,  the  samples  were  kept  at 
800  °C  for  100,  200,  500,  and  1000  h,  respectively. 


Fig.  2.  Particle  size  distribution  of  the  SABS-0  glass  powder. 
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Fig.  3.  Weight  change  of  the  SABS-0  powder  glass  thermally  treated  at  800  °C  for 
different  time  in  air  and  H2/H20  atmospheres. 

2.3.  Characterization 

The  weights  of  the  SABS-0  samples  before  and  after  the  ther¬ 
mal  treatment  at  800  °C  in  different  atmospheres  were  measured. 
Weight  loss  per  unit  surface  area  was  calculated. 

Microstructural  analyses  were  carried  out  in  a  SEM  (Quanta  600 
FEG,  FEI  Company,  Hillsboro,  OR)  for  both  the  powder  and  the  bulk 
samples  after  different  thermal  treatment  times.  XRD  studies  were 
carried  out  for  both  the  powder  and  the  bulk  SABS-0  glass  sam¬ 
ples  in  an  X’Pert  PRO  Diffractometer  (PANalytical  B.V.,  EA  Almelo, 
The  Netherlands)  to  identify  the  crystalline  phase(s)  after  different 
thermal  treatment  conditions.  The  step  size  was  0.030°  s-1  with  Cu 
Ka  radiation  (A  =  1.5406  A). 

3.  Results  and  discussion 

3.  t.  Weight  change  of  SABS-0  glass 

In  SOFCs/SOECs,  volatile  constituents  should  be  avoided  or  at 
least  have  no  deleterious  effect  on  cell  performances.  Concern  about 
vaporization  of  glass  constituents  in  the  long-term  use  of  glass 
sealants  has  been  raised  [25-27].  Borate  species  are  most  volatile  at 
800  °C  in  dry  oxidizing  (in  B02(g))  and  wet  reducing  (in  B3H306(g)) 
atmospheres  [17,25].  The  reactions  can  decompose  the  glass  struc¬ 
ture  and  greatly  limit  the  lifetime  of  a  seal.  For  the  SABS-0  glass, 
this  problem  has  been  effectively  eliminated  since  there  is  no  boron 
species  in  the  composition.  However,  Si02  can  potentially  vaporize 
by  reacting  with  water  vapor  [25]: 

Si02  +  H20  -*  Si(OH)4  (1) 

In  the  SABS-0  glass,  there  is  a  substantial  amount  of  Si02 
(55-60  mol%).  In  light  of  the  critical  function  that  Si02  plays  in 
the  SABS-0  glass  forming,  the  glass  weight  change  after  long-term 
thermal  treatment  has  been  rigorously  evaluated.  During  the  exper¬ 
iments,  there  was  little  weight  change  detected.  The  only  weight 
difference  is  on  the  last  digit  of  the  analytical  balance  (0.0001  g), 
likely  from  measurement  errors.  Since  the  SABS-0  powder  sam¬ 
ple  has  much  larger  specific  surface  area  than  the  bulk  sample,  the 
weight  change  measured  should  be  more  accurate,  if  there  is  any. 
As  shown  in  Fig.  3,  there  is  very  little  weight  loss  or  weight  gain 
under  both  the  air  and  the  H2/H20  thermal  treatment  conditions. 
The  maximum  weight  loss  value  is  0.02  mg  cm-2.  This  is  one  to 
two  orders  of  magnitude  lower  than  that  for  an  alkaline  earth  sili¬ 
cate  glass  even  though  the  thermal  treatment  time  is  several  times 
longer  (168  h  vs.  1000  h)  [17].  The  weight  change  is  too  small  to 
be  attributed  to  the  SABS-0  glass  vaporization.  Another  confirma¬ 
tion  that  the  SABS-0  glass  has  negligible  weight  change  is  that  no 
trend  is  observed  with  the  thermal  treatment  time  in  Fig.  3.  Based 
on  these  results,  it  can  be  concluded  that  the  weight  loss  of  the 


SABS-0  glass  in  the  air  and  the  H2/H20  atmospheres  is  negligible  at 
800°C. 

3.2.  Glass  microstructure  stability 

Glass  surface  devitrification  is  more  common  and  predominant 
than  bulk  devitrification  because  of  higher  number  of  active  sites  for 
nucleation  [28,29].  For  the  SABS-0  glass,  the  sample  surfaces  should 
exhibit  higher  tendency  of  devitrification  than  the  bulk.  Fig.  4  shows 
the  SEM  images  of  the  SABS-0  glass  powder  after  200,  500,  and 
1000  h  of  thermal  treatment  in  air  at  800  °C.  After  200  h  of  thermal 
treatment  (Fig.  4(a)),  there  is  no  devitrification  on  the  SABS-0  glass 
powder  surface,  which  is  consistent  with  our  observation  before 
[30].  This  means  the  SABS-0  glass  surface  is  thermally  stable  for  at 
least  200  h  at  800  °C.  When  the  sample  is  thermally  treated  in  air  at 
800  °C  for  500  h  (Fig.  4(b)),  very  limited  devitrification  appears  on 
the  SABS-0  powder  surface.  This  means  crystalline  phase(s)  starts 
to  form  on  the  SABS-0  particle  surfaces  even  though  the  nucleation 
sites  are  far  from  each  other.  After  1000  h  of  thermal  treatment 
(Fig.  4(c)),  visible  devitrification  is  present  on  the  particle  surface, 
a  reflection  of  the  crystalline  phase  growth  with  extended  thermal 
treatment  time  at  800  °C. 

For  the  SABS-0  glass  powders  thermally  treated  in  the  H2/H20 
atmosphere  for  200-500  h,  no  surface  devitrification  is  observed 
and  the  images  are  not  shown  here  for  brevity.  Even  after  1000  h 
of  thermal  treatment  in  the  H2/H20  atmosphere,  the  SABS-0  glass 
shows  little  devitrification  (Fig.  4(d)).  This  can  be  understood  from 
two  folds.  On  one  hand,  water  vapor  has  a  tendency  to  interact  with 
the  SABS-0  glass  network.  On  the  other  hand,  the  reducing  H2/H20 
atmosphere  has  a  tendency  to  inhibit  the  formation  of  the  species 
that  participate  in  the  devitrification,  such  as  by  reducing  the  par¬ 
ticipating  oxide  species.  As  a  result  of  these  opposite  effects,  the 
SABS-0  glass  surface  devitrification  is  hindered.  The  exact  process 
of  the  SABS-0  glass  surface  evolution  in  the  H2/H20  atmosphere 
needs  to  be  further  studied. 

For  the  bulk  microstructure  of  the  SABS-0  powder,  the  resis¬ 
tance  to  devitrification  drastically  increases.  Fig.  5  shows  the  cross 
sections  of  the  SABS-0  glass  particles  after  1000  h  of  thermal  treat¬ 
ment  at  800  °C  in  air.  The  samples  at  shorter  thermal  treatment 
time  exhibit  the  same  behavior  and  are  not  shown  here.  Homoge¬ 
neous  and  amorphous  glass  phase  can  be  seen.  No  phase  separation 
or  devitrification  is  observed  inside  the  glass  particles  (Fig.  5(b)). 
The  only  change  observed  is  the  more  rounded  particle  shapes 
after  1000  h  of  thermal  treatment  (Fig.  5(a)).  This  is  because  the 
thermal  treatment  temperature  (800  °C)  is  higher  than  the  Tg  of 
the  SABS-0  glass,  775  °C  [20].  At  temperatures  higher  than  Tg,  the 
SABS-0  glass  particles  have  a  tendency  to  spherodize.  However, 
the  microstructure  remains  amorphous  and  the  devitrification  on 
the  particle  surface  (Fig.  4(c))  does  not  cause  interior  amorphous 
structure  devitrification. 

Fig.  6  shows  the  cross  sections  of  the  SABS-0  glass  particles  after 
1000  h  of  thermal  treatment  at  800  °C  in  the  H2/H20  atmosphere. 
The  glass  particles  are  not  as  round  as  those  of  the  air  treatment 
condition  in  Fig.  5.  This  means  spheroidization  of  the  SABS-0  glass 
in  the  H2/H20  atmosphere  is  limited.  The  cause  is  possibly  related 
to  the  species  present  on  the  glass  particle  surfaces  under  differ¬ 
ent  atmospheres  as  discussed.  X-ray  photoelectron  spectroscopy 
seems  to  be  the  necessary  technique  for  the  surface  species  anal¬ 
ysis  and  will  be  pursued  in  future  studies.  Also,  bright  edges  can 
be  observed  on  or  across  the  SABS-0  particle  surfaces  in  Fig.  6.  This 
means  the  SABS-0  glass  surface  has  a  higher  tendency  to  interact 
with  the  H2/H20  atmosphere.  Still,  the  SABS-0  particle  bulk  remains 
stable  and  no  devitrification  is  observed  after  1000  h  of  thermal 
treatment  at  800  °C  (Fig.  6(b)). 

Glass  microstructure  stability  is  affected  by  two  factors:  glass 
network  connectivity  and  defects.  For  the  bulk  of  the  SABS-0  glass 
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Fig.  4.  SEM  images  of  the  SABS-0  glass  powder  surfaces  after  thermal  treatment  at  800  °C  in  air:  (a)  200  h,  (b)  500  h,  and  (c)  1000  h,  and  (d)  after  thermal  treatment  at  800  °C 
in  H2/H20  for  1000  h. 


powder  sample,  the  microstructure  is  homogeneous  and  devoid 
of  defects  (scratches,  dents,  or  tiny  dust  particles)  or  secondary 
species  (Figs.  5, 6  and  9).  The  glass  microstructure  stability  is  mainly 
determined  by  the  glass  network  connectivity.  For  the  SABS-0  glass, 
the  network  connectivity  can  be  quantified  by  measuring  the  non¬ 
bridging  oxygen  to  bridging  oxygen  ratio  from  Raman  spectroscopy 
[30]: 


[E^(F,V,)/E^^]NetworkFormer  E 0+ 

Network  Former+Modifier 

\j/  is  the  degree  of  network  connectivity,  F,  is  the  field  strength  of 
oxide  i  in  a  glass  system,  is  the  amount  of  oxide  i  in  vol%,  and  Zz  is 
the  atomic  number  of  oxide  i.  The  first  term  in  Eq.  (2)  considers  the 
bonding  effect  of  cations.  The  second  term  represents  the  ratio  of 


E0_ +  E0+ 


[EWEV»] 


Fig.  5.  SEM  images  of  the  SABS-0  glass  powder  cross  section  after  thermal  treatment  at  800  °C  in  air  for  1000  h. 
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Fig.  6.  SEM  images  of  the  SABS-0  glass  powder  cross  sections  after  thermal  treatment  at  800  °C  in  H2/H20  for  1000  h. 


the  bridging  oxygen  species  (0+ )  vs.  the  total  oxygen  species  (O-  and 
0+)  in  a  glass  network.  For  the  surface  and  bulk  of  the  SABS-0  glass, 
the  first  term  is  the  same.  The  key  difference  is  the  reduced  amount 
of  bridging  oxygen  (broken  oxygen  bonds)  on  the  glass  surface.  For 
the  SABS-0  glass  bulk,  the  second  term  in  Eq.  (2)  is  larger,  approx¬ 
imately  by  50%  by  simple  coordination  number  consideration.  The 
SABS-0  glass  surface  has  half  of  the  bonds  missing  in  comparison  to 
the  bulk.  This  higher  bridging  oxygen  content  in  the  bulk  increases 
the  glass  network  connectivity  and  thus  devitrification  resistance. 
For  the  SABS-0  glass,  the  bulk  network  connectivity  is  about  80%  and 
thus  highly  stable  [30].  It  should  be  pointed  out  that  broken  oxygen 
bonds  mainly  exist  on  the  SABS-0  glass  surface,  likely  in  <l-2nm 
thickness.  So  the  SABS-0  surface  devitrification  should  be  limited 
to  a  very  thin  layer,  likely  <2  nm.  This  understanding  is  supported 
by  the  SABS-0  glass  particle  cross  section  microstructure  analysis. 
No  crystalline  layer  around  the  SABS-0  particles  can  be  observed 
from  the  SEM  analysis,  which  has  2-5  nm  resolution.  This  means 
the  SABS-0  glass  has  excellent  thermal  stability  in  SOFC/SOEC 
operating  environments  and  is  a  promising  sealant  material  for 
SOFCs/SOECs. 

3.3.  Polished  surface  micro  structure  stability 

For  SOFC/SOEC  applications,  seal  glass  surface  can  be  modi¬ 
fied  and  defect  sites  such  as  scratches,  dents,  and  solid  impurities 
can  be  created  before  use.  These  sites  can  then  act  as  prefer¬ 
ential  nucleation  and  devitrification  locations  and  thus  reduce 
glass  thermal  stability.  In  this  study,  bulk  SABS-0  glass  surface 
was  polished  to  mimic  this  aspect.  Fig.  7  shows  the  SEM  images 
of  the  bulk  SABS-0  glass  surfaces  after  different  thermal  treat¬ 
ment  time  in  air.  Before  the  thermal  treatment,  the  glass  surface 
is  homogeneous;  no  devitrified  phase  can  be  seen  at  both  low 
and  high  magnifications  except  for  a  few  defects  (Fig.  7(a)  and 
(b)).  For  the  200  h  thermally  treated  sample  (Fig.  7(c)  and  (d)), 
some  dark  and  round-shaped  spots  with  2-3  [xm  size  appear  on 
the  surface.  Crescent-shaped  crystallites  arise  from  these  spots. 
For  the  500  h  thermally  treated  sample  (Fig.  7(e)  and  (f)),  the 
amount  of  crystalline  phase(s)  drastically  increases.  At  low  mag¬ 
nification  (Fig.  7(e)),  it  shows  that  the  crescent-shaped  crystallites 
break  into  individual  nuclei.  There  is  substantial  crystal  growth  and 
needle-shaped  crystals  with  300-400  nm  length  appear  over  the 
phase-separated  regions  for  the  whole  sample  surface  (Fig.  7(f)). 
For  the  regions  outside  of  the  initial  phase-separated  dark  spots,  the 
amount  of  the  crystalline  phase(s)  is  much  less.  For  the  1000  h  ther¬ 
mally  treated  samples  (Fig.  7(g)  and  (h)),  the  surface  is  fully  covered 
with  crystalline  phase(s);  the  dark  and  light  phase  regions  are  not 


distinguishable  anymore.  The  needle-shaped  crystalline  phase(s) 
grow  to  ~1  [xm  size  and  prismatic  shape. 

Fig.  8  shows  the  SEM  images  of  the  SABS-0  bulk  glass  surfaces 
after  different  thermal  treatment  time  in  the  H2/H2O  atmosphere. 
The  surfaces  of  the  SABS-0  bulk  samples  generally  show  the  same 
microstructures  as  those  treated  in  the  air  atmosphere.  Flowever, 
phase  separation  and  devitrification  occur  much  earlier,  only  after 
100  h  of  thermal  treatment  (Fig.  8(a)  and  (b)).  The  appearance  and 
break-up  of  the  crescent-shaped  crystallites  are  not  captured.  This 
means  the  H2/FI2O  atmosphere  has  a  higher  tendency  of  inducing 
SABS-0  devitrification.  After  200  h  of  thermal  treatment,  devitrifi¬ 
cation  increases  and  the  devitrified  phase(s)  distributes  evenly  on 
the  SABS-0  glass  surface  (Fig.  8(c)  and  (d))  in  comparison  to  the 
localized  distribution  in  the  phase-separated  regions  in  Fig.  7(c)  and 
(d)  for  the  air  treated  condition.  The  devitrified  crystallites  are  twice 
the  size  of  the  500  h  thermally  treated  sample  in  air,  at  ~250  nm 
(Fig.  8(c)  and  (d)  vs.  Fig.  7(e)  and  (f)).  As  the  thermal  treatment  time 
increases  to  500  h  and  1000  h,  the  needle-shaped  crystallites  keep 
growing  for  the  whole  sample  surface  (Fig.  8(e)-(h)).  However,  the 
final  crystallite  sizes  are  smaller  than  those  of  the  corresponding  air 
treatment  conditions.  This  interesting  crystallite  size  reversal  can 
be  explained  from  the  number  density  of  the  devitrified  crystallites 
point  of  view.  The  air  treated  SABS-0  sample  has  much  lower  crys¬ 
tallite  number  density  (Fig.  7(c)  and  (d))  than  that  of  the  H2/H20 
atmosphere  treated  sample  (Fig.  8(c)  and  (d)).  For  the  former,  the 
crystallites  can  grow  more  extensively  before  impinging  each  other. 
For  the  latter,  more  crystallites  are  present  for  a  given  area  and  con¬ 
strained  from  growing  into  large  sizes.  Because  of  this  impingement 
factor,  the  final  crystallite  shape  for  the  H2/H20  atmosphere  treat¬ 
ment  condition  remains  rod-like  (Fig.  8(h))  instead  of  the  much 
larger  prismatic  shape  for  the  air  treated  sample  (Fig.  7(h)). 

After  the  nucleation  of  the  devitrified  phase(s),  crystal  growth  is 
a  three-dimensional  event  and  spreads  over  the  SABS-0  glass  sur¬ 
face  and  towards  its  interior.  At  a  critical  point,  further  growth  on 
the  surface  is  inhibited  because  of  the  crystal  impingement.  Crys¬ 
tallites  only  grow  towards  the  SABS-0  glass  interior.  The  time  from 
lateral  growth  to  depth  growth  can  be  expressed  as  [31  ]: 


tm  is  the  crystallization  kinetic  change  from  lateral  growth  to  depth 
growth.  Ns  is  the  areal  number  density  of  nucleation  sites,  and  fi 
is  crystal/glass  boundary  moving  velocity.  Around  the  defect  sites, 
new  crystallites  are  limited  from  growing  into  large  sizes  because  of 
the  early  impingement  due  to  their  higher  number  density.  For  the 


200 


T.  Jin,  K.  Lu  /  Journal  of  Power  Sources  195  (2010)  195-203 


Fig.  7.  SEM  images  of  SABS-0  bulk  glass  surfaces  before  thermal  treatment  and  after  thermally  treated  at  800  °C  in  air:  (a)  and  (b)  as  polished,  (c)  and  (d)  200  h,  (e)  and  (f) 
500  h,  (g)  and  (h)  1000  h. 
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Fig.  8.  SEM  images  of  polished  SABS-0  bulk  glass  surfaces  after  thermally  treated  at  800  °C  in  the  H2/H20  atmosphere:  (a)  and  (b)  100  h,  (c)  and  (d)  200  h,  (e)  and  (f)  500  h, 
(g)  and  (h)  1000  h. 
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defect-free  regions,  the  crystallites  form  at  a  later  stage  and  have 
a  lower  number  density.  Crystal  growth  is  relatively  un-hindered 
and  the  crystallite  sizes  are  much  larger.  However,  the  above  obser¬ 
vation  is  made  based  on  the  observations  from  the  glass  surface.  It 
is  possible  that  the  crystals  in  the  regions  of  higher  number  density 
have  grown  more  in  the  depth  direction.  This  is  difficult  to  ana¬ 
lyze  because  the  devitrified  layer  is  three-dimensional  in  nature 
but  at  the  same  time  very  thin.  However,  it  can  be  envisioned  that 
as  the  thermal  treatment  continues,  the  depth  direction  growth  will 
slow  down  because  the  diffusion  distance  for  the  crystalline  species 
becomes  longer. 

Several  fundamental  observations  can  be  made  from  the  devit¬ 
rification  process  in  Figs.  7  and  8.  At  the  initial  stage,  the  events  are 
mainly  driven  by  thermodynamics.  This  includes  phase  separation, 
nucleation,  and  break-up  of  the  crescent-shaped  new  crystallites. 
The  number  density  of  the  nucleation  sites  is  non-uniform  on  the 
SABS-0  glass  surface.  Nucleation  initiates  randomly  but  preferen¬ 
tially  around  the  surface  defects.  If  the  nucleation  process  is  fast 
enough  (such  as  for  the  H2/H20  atmosphere  case),  the  nucleation 
sites  will  distribute  more  homogeneously.  At  the  later  stage  of  the 
devitrification  process,  thermodynamics  still  drives  the  fundamen¬ 
tal  devitrification  process  but  kinetics  becomes  the  limiting  factor. 
This  involves  nuclei  areal  density  effect  on  crystal  growth  rate,  crys¬ 
tallite  size,  and  growth  direction.  The  crystallite  size  difference  can 
reverse  and  the  crystal  shape  can  be  different  for  different  atmo¬ 
spheres  at  the  same  thermal  treatment  time.  However,  it  is  difficult 
to  predict  final  crystallite  sizes  because  new  crystalline  formation 
continues  while  the  existing  crystallites  grow. 

Comparing  Figs.  7  and  8,  an  additional  factor  to  consider  is  the 
atmosphere  effect  on  polished  surface  devitrification.  The  H2/H20 
atmosphere  is  more  likely  to  induce  devitrification  for  the  pol¬ 
ished  SABS-0  glass  surface.  The  fundamental  cause  is  believed  to 
be  mainly  from  water  [32].  H2  involvement  in  the  SABS-0  glass 
microstructure  is  minimal.  Water  dissociates  into  hydroxyl  (OH-) 
groups,  penetrates  into  the  surface  layer  of  the  Si-0  lattice,  breaks 
the  Si-O-Si  network,  and  forms  siloxane  Si-OH  bonds  [33-37]: 

Si-O-Si  +  H20  -*  Si-OH  +  HO-Si  (4) 

Even  though  the  amount  of  Si(OH)x4-*  species  is  low  and  no 
measureable  weight  change  is  detected,  its  impact  on  the  glass 
network  connectivity  is  significant.  With  the  decrease  of  the  glass 
network  connectivity  and  the  increase  of  the  amount  of  Si(OH)x4-x 
structural  units,  local  microheterogeneity  and  broken  glass  network 
from  polishing  lead  to  surface  devitrification.  For  the  air  treatment 
condition,  water  content  is  much  lower  and  the  surface  devitrifica¬ 
tion  process  is  hindered. 

3.4.  Glass  phase  stability 

Fig.  9  shows  the  XRD  patterns  of  the  SABS-0  powder  samples 
after  the  thermal  treatment  at  800  °C  in  air.  There  is  no  crystalline 
peak  for  the  samples  thermally  treated  for  200,  500,  and  1000  h. 
This  result  indicates  that  the  SABS-0  glass  is  very  stable  at  800  °C 
and  remains  amorphous.  Devitrification  seen  in  Fig.  4  only  occurs 
on  the  very  surface  of  the  SABS-0  particles.  The  devitrified  phase 
volume  is  negligible  compared  to  the  amorphous  phase  volume. 

For  the  thermal  treatment  in  the  H2/H20  atmosphere,  the  SABS- 
0  glass  powder  remains  amorphous  for  up  to  1000  h.  Fig.  9  only 
shows  the  XRD  pattern  of  the  1000  h  thermally  treated  SABS-0  glass 
powder  for  brevity.  This  means  the  H2/H20  atmosphere  poses  no 
significant  effect  on  the  SABS-0  glass  bulk  structure  stability. 

Fig.  10  shows  the  XRD  patterns  of  the  polished  SABS-0  bulk 
glass  surfaces  at  as-polished  condition  and  after  different  thermal 
treatment  times  in  air.  Consistent  with  the  microstructure  results 
(Fig.  7),  devitrification  takes  place  on  the  SABS-0  bulk  glass  surface 
and  increases  with  thermal  treatment  time.  Although  X-ray  pene- 


Fig.  9.  XRD  patterns  of  the  SABS-0  glass  powders  thermally  treated  at  800  °C  in  air 
for  different  times  and  thermally  treated  at  800  °C  in  the  H2/H20  atmosphere  for 
1000  h. 

trates  into  the  bulk  glass,  90%  of  the  signals  are  collected  from  less 
than  25  p,m  depth.  This  means  polishing  induces  devitrification  on 
the  SABS-0  glass  surface  and  causes  instability  of  the  glass.  Energy 
dispersive  spectroscopy  (EDS)  spot  analysis  shows  that  the  devitri¬ 
fied  regions  are  Si,  Sr,  and  A1  rich.  XRD  analysis  shows  that  the  new 
crystalline  phases  are  Al2SiOs,  Sr2Si04,  and  Sr7Al12025.  The  devit¬ 
rification  process  can  be  understood  as  follows.  In  the  SABS-0  glass, 
Si02  is  a  glass  former.  SrO  is  a  glass  modifier  and  charge  compen¬ 
sator  for  the  nearest  Si205,  Si206,  Si207,  and  Si04  structural  units. 
Al2  O3  is  an  intermediate  and  can  be  a  network  former  or  a  net¬ 
work  modifier.  Microheterogeneity  in  the  SABS-0  glass  arises  due 
to  ‘local  ordering’  of  the  glass  structural  units.  As  a  result,  Sr2Si04, 
Al2Si05,  and  Sr7Ali2025  phases  form.  In  Fig.  10,  polishing  alone  cre¬ 
ates  minor  peaks  on  the  XRD  spectrum.  As  the  thermal  treatment 
time  increases,  the  XRD  peaks  evolve.  This  demonstrates  that  pol¬ 
ishing  and  thermal  treatment  are  dynamic  processes  for  crystalline 
phase  formation.  The  stress  concentration  sites  and  defects  on  the 
SABS-0  surface  from  polishing  preferentially  act  as  devitrification 
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Fig.  10.  XRD  patterns  of  the  SABS-0  bulk  glass  polished  surfaces  thermally  treated 
at  800  °C  for  different  times  in  air. 
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Fig.  11.  XRD  patterns  of  the  SABS-0  bulk  glass  polished  surfaces  thermally  treated 
at  800  °C  for  different  times  in  the  H2/H20  atmosphere. 

sites.  At  short  thermal  treatment  time,  these  defects  induce  new 
phase  formation  even  though  the  new  phase  may  not  be  stable. 
As  the  thermal  treatment  time  increases,  the  new  phase(s)  evolves 
into  relatively  stable  species.  The  peaks  from  the  devitrified  phases 
become  stronger  with  the  thermal  treatment  time.  For  the  200  h 
thermal  treatment  time,  the  crystalline  peaks  are  weak.  After  500  h 
of  thermal  treatment  time,  devitrification  becomes  more  obvious; 
needle-shaped  crystals  can  be  seen  in  Fig.  7(f).  For  the  1000  h  ther¬ 
mal  treatment  sample,  diffraction  peaks  are  several  times  stronger 
than  those  of  the  500  h  thermally  treated  sample  and  more  peaks 
are  present  (Fig.  10);  devitrification  happens  more  extensively  from 
500  to  1000  h  thermal  treatment  time  (Fig.  7(g)  and  (h)). 

Fig.  11  shows  the  XRD  patterns  of  the  SABS-0  bulk  glass  sam¬ 
ple  surface  after  different  thermal  treatment  times  in  the  H2/FI2O 
atmosphere.  The  devitrified  phases  are  Sr2Si04,  La^S^C^e,  and 
Sri2Al14033.  The  phase  evolution  process  can  be  explained  similar 
to  the  air  treatment  case.  Flowever,  the  peaks  appear  much  ear¬ 
lier,  such  as  after  100  h  of  thermal  treatment,  consistent  with  the 
observation  in  Fig.  8(a)  and  (b).  After  1000  h  of  thermal  treatment, 
however,  the  air  treatment  condition  shows  higher  number  and 
intensity  of  devitrification  peaks  (Fig.  10  vs.  Fig.  11 ).  This  means  the 
H2/H20  atmosphere  increases  the  devitrification  tendency  of  the 
SABS-0  glass  initially  even  though  it  does  not  lead  to  higher  con¬ 
tent  of  new  phase(s)  at  prolonged  thermal  treatment  time.  The  XRD 
pattern  reversal  is  consistent  with  the  microstructural  results. 

4.  Conclusion 

Thermal  stability  of  a  novel  B203  free  Sr0-La203-Al203-Si02 
glass  (SABS-0)  as  a  SOFC/SOEC  sealant  is  evaluated  in  both  air  and 
H2/H20  atmospheres  at  800  °C  for  up  to  1000  h.  Weight  change  is 
negligible  under  all  the  thermal  treatment  conditions.  The  SABS-0 
glass  bulk  remains  amorphous  after  thermal  treatment  for  1000  h 
in  both  atmospheres.  Devitrification  is  only  observed  on  the  very 
surface  of  the  SABS-0  glass  under  both  atmospheres.  Polishing 
accelerates  the  SABS-0  glass  surface  devitrification.  The  H2/H20 
atmosphere  induces  earlier  surface  devitrification  but  the  final 
extent  of  devitrification  is  more  limited.  The  crystal  phases  are 


identified  as  Sr2Si04,  Al2Si05,  and  Sr7Ali2025  for  the  air  treatment 
condition  and  Sr2Si04,  Lag.33Si6026,  and  Sri2Ali4033  for  the  FI2/H2O 
thermal  treatment  condition.  The  study  demonstrates  that  the 
SABS-0  glass  has  excellent  thermal  stability  in  SOFC/SOEC  operating 
environments  and  is  a  promising  sealant  material  for  SOFCs/SOECs. 
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